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• Ecosystem services show phased
recovery following restoration in
eroded peatlands.
• Re-vegetation is key to reporting project
success over short funding timeframes.
• Results support wide-scale adoption of
Lime-Seed-Fertiliser-Mulch restoration.
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Peatlands provide a range of ecosystem services but are sensitive to changes in climate and land-use, and many
peatlands globally are degraded.We analyse a large-scale, unique and diverse dataset, collected over 15 years, as
part of major landscape scale blanket peat restoration projects in the south Pennines, UK. Trajectories of ecosys-
tem change after restoration were assessed by measuring key ecosystem responses including: vegetation cover
and indicator species; water table, runoff, and water quality.
The reactions of these metrics vary in their behaviour, both in the timing of ﬁrst response and the rate of change
towards a new stable state. Re-establishment of vegetation is a key driver in rapidly reducing particulate carbon
loss and attenuating stormﬂow, while over time biodiversity is improved by the return of native species, and
water tables gradually rise. The phasing of these ecosystem service responses indicates that there are different
characteristic timescales for the improvement of peatland functions, driven by both surface and subsurface pro-
cesses. The rapid establishment of vegetation cover over two years, and its importance in improving a broad
range of functions, signify it as a key milestone for reporting project success within typical funding timeframes.
This study supports the adoption of Lime-Fertiliser-Seed-Mulch restoration on eroding blanket peatlands globally.
The trajectories developed are important to help guide practitioners of ecological restoration. Better understanding
of the dynamics underpinning the slower response times of subsurface hydrological and biogeochemical function is
identiﬁed as a key knowledge gap. An understanding of the limits of ecosystems recovery is important when target
setting for restoration projects, especially where attaining pristine conditions is unachievable.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Restoration ecology is centred around restoring degraded, damaged
or destroyed ecosystems and has a longstanding interest in understand-
ing trajectories of ecological change in restoration projects. Deﬁning the
probable trajectory of a restoration intervention allows simple deﬁni-
tion of success criteria, and of suitable timescales for restoration moni-
toring (Suding and Gross, 2013). Ecological theory predicts a variety of
characteristic forms of restoration trajectory, but real world experience
suggests that in many cases restoration does not make a smooth transi-
tion from degraded conditions to a pristine ecosystem state (Bullock
et al., 2011; Cortina et al., 2006; Matthews et al., 2009; Zedler and
Callaway, 1999). Mismatches between desired changes in ecosystem
state based on ecological theory, and observed practical restoration out-
come,may be due to changes in the physical boundary conditions of the
system prior to, and during the restoration period. Assessing the full re-
sponse to restoration intervention therefore requires understanding of
trajectories of change in the physical system, as well as the ecological
one. This focus is also relevant as restoration aims are increasingly
couched not only in terms of improving biodiversity, but also in terms
of delivering speciﬁed ecosystem services (Bullock et al., 2011; Choi,
2007), which may include regulation of physical systems such as runoff
or erosion.
Peatlands provide a wide range of ecosystem services, and are most
commonly known for their crucial role in global climate regulation, by
storing N30% of total global soil carbon (Bonn et al., 2016). Peatlands
are vulnerable systems, sensitive to subtle changes in climate, land use
and pollution (Evans et al., 2014). As a consequence of human interven-
tion in these environments, peatlands across Europe are ubiquitously
degraded (Joosten, 2009) and the previous intact status of boreal and
tropical peatlands is at risk, as a result of changing land use (e.g. Page
et al., 2008). Degraded peatland systems have been a focus of consider-
able work on approaches to ecosystem service restoration (Bonn et al.,
2016), and on trajectories of change in restored systems. A range of
well-established restoration approaches have been developed, includ-
ing drain blocking (Armstrong et al., 2009); tree removal (Anderson
et al., 2016); topsoil removal and diaspore transfer for fen restoration
(Klimkowska et al., 2007); moss layer transfer to restore mined
peatlands (Rochefort et al., 2003); and revegetation and gully blocking
(Parry et al., 2014). This paper reports for the ﬁrst time on trajectories
of ecosystem services change, in relation to peatland restoration ap-
proaches which have been developed for the severely eroded blanket
peatlands of the UK.
The blanket peatlands of the UK and Ireland are globally distinctive
in the degree and intensity of physical erosion that they have suffered
in the last millennium (Evans and Warburton, 2007). More recently,
these systems have been sites of extensive landscape scale restoration.
In the UK, peatlands are important carbon stores containing 2.3 Mt C
(Billett et al., 2010) and 96% of peatland area is blanket peatland
(JNCC, 2011). Blanket peatlands also support a range of other ecosystem
services, including provision of cleanwater, runoff regulation, sediment
control, recreation and cultural services, and extensive agriculture
(Bonn et al., 2016). However, while intact peatlands are signiﬁcant car-
bon sinks, erosion can lead to the transformation of areas of peat from
carbon stores to carbon sources (Evans and Lindsay, 2010; Worrall
et al., 2009), and can signiﬁcantly impact other ecosystem services
such as ﬂoodwater regulation and sediment control.
The range of ecosystem services provided by intact peatlands and
the severity of their degradation, have meant that there has been a
long history of development of restoration approaches. Restoration suc-
cess in these environments typically aims to restore hydrological func-
tion, vegetation cover and in particular, active peat forming vegetation
(Anderson et al., 2009). The success of rewetting is measured by
assessing water tables and their proximity to the surface, whereas bio-
diversity is assessed by vegetation surveys including the assessment of
recovery of keystone species (Buckler et al., 2013). Water table and
vegetation cover are therefore arguably the two principle determinants
of peatland ecosystem function. Many restoration monitoring
programmes only monitor these two parameters, on the basis that
they provide a metric of ecosystem change which might be taken as a
proxy for wider change in ecosystem service provision (Holden et al.,
2016). However, this paper will go beyond the measurement of these
parameters, analysing other indicators of a functioning peatland system.
Analysis of the trajectories of change for metrics which may infer
ecosystem service recovery post-restoration, requires extensive moni-
toring in time and space. In this paper we collate and analyse a unique
dataset from a variety of separate projects, which has been collected
alongside major landscape scale restorations in the south Pennines re-
gion, to develop trajectories of ecosystem change associated with the
restoration of degraded blanket peatlands. Thus far, short-term changes
of speciﬁc ecosystem functions have been analysed, on a project speciﬁc
basis on occasion utilizing a BACI (Before After Control Impact) ap-
proach (Pilkington et al., 2016; Evans and Shuttleworth, 2016; Allott
et al., 2015; Spencer and Evans, 2016; Pilkington and Crouch, 2015;
Shuttleworth et al., 2015). This paper will go further, producing
longer-term trajectories (in excess of 10 years) and considering multi-
ple ecosystem service provisions and their interactions.
The aims of this paper are threefold: (i) To analyse a major dataset
on peatlands to develop empirically informed trajectories of ecosystem
change following the restoration of eroding blanket peat; (ii) To explore
the temporal sequencing of changes in ecosystem function to inform
process based understanding of blanket peat restoration; (iii) To con-
sider the implications of the trajectories developed in this study to re-
ﬁne restoration work and future monitoring programmes. This will be
achieved by synthesising data frommultiple sources where commonal-
ities allow analysis, to produce trajectories for metrics representative of
a variety of ecosystem functions. We critically evaluate the utility of
consolidating diverse datasets before producing a conceptual model of
ecosystem recovery.
2. Methods and study sites
2.1. Study sites
This paper is based on data collected atﬁve siteswhichhave been re-
stored and monitored at various time periods over the last 15 years,
mainly within the Peak District National Park at the southern end of
the Pennines range extending across northern England. Initial experi-
mental work carried out in the severely eroded peatlands (Anderson
et al., 1997), has led to the development of a standard approach to the
re-vegetation of bare peat sites (Anderson et al., 2009). In this paper
themethod is referred to as the Lime-Seed-Fertiliser-Mulch (LSFM) ap-
proach. The LSFM approach involves spreading lime and fertiliser from
the air at a landscape scale and aerial seeding of a nurse grass crop.
The bare peat surfaces are typically mulched with cut heather. The
lime, fertiliser and mulch create conditions for the rapid germination
of the nurse crop so that it is sufﬁciently established to resist frost
heave in the ﬁrst winter. The aim of this initial stabilisation approach
is not to establish non-native grasses, but to stabilise the bare peat sur-
faces, to facilitate growth of native moorland species. Alongside the re-
vegetation works, selected gullies are blocked using an appropriatema-
terial such as loose stone, timber or heather bales. In the south Pennines
alone, over 2500 ha of peatland have been restored in the last 12 years
(Moors for the Future Partnership, 2015) and the approach is being ap-
plied and modiﬁed for use widely across the UK uplands.
Each main site was divided into a number of micro-catchments and
experimental plots, variable between locations and for individual pro-
jects. These are locations where bare peat restoration has been under-
taken using the restoration approaches described above. Fig. 1 shows
key locations and site characteristics, while restoration treatments are
summarised in Table 1. All sites are of a similar elevation, have
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comparable climatic conditions (within blanket bog formation criteria;
Lindsay et al., 1988) and have been exposed to severe erosion.
2.2. Data collection and treatment
All the sites considered were subject to the LSFM method of re-
vegetation. At some sites gullies were blocked at the same time as re-
vegetation, but vegetation and water table data were not monitored
on gully ﬂoors or gully edges so that what is presented here is likely to
mainly represent the impact of the LSFM approach on the peat mass.
The intention of this analysis is not to compare restoration methods,
but the integrated impact of standard restoration approaches across
the sites.
Four main ecosystem functions (vegetation cover, depth to water
table, runoff response and ﬂuvial organic carbon ﬂux) were assessed
using a number of different datasets. These metrics represent key eco-
system services that intact and functioning peatlands may provide.
The parameters are inherently interlinked, and it is difﬁcult to assign
onemetric to a single ecosystem service. High water tables in particular
are linked to a variety of ecosystem services. Generally, these metrics
are representative of ecosystem services such as biodiversity, runoff
regulation and provision of clean water/sediment control.
Vegetation cover and water table were measured at all the sites,
while runoff monitoring was restricted to Kinder Scout and carbon
ﬂux data were collected at both Bleaklow and Kinder Scout. Consistent
methods, within the constraints of original project aims, have been
applied across the study sites, in order to assess the trajectories of
these ecosystem functions post-restoration. Because the restoration
projects span the last 12 yearswith different start dates, all data are pre-
sented as years post-restoration. Further site details are outlined in
Table 2.
Where comparable data were available from several sites, the data
have been consolidated to form a single trajectory, as inter-site compar-
ison is not the objective of this study. Data are presented as deviations
from control conditions. Comparing restored sites with eroded bare
peat sites provides a better assessment of changes associated with the
restoration process. Calculating the relative difference between (met-
ric)treatment− (metric)control enables noise from natural variation to be
removed, to extract the restoration signal. In addition, data has been
normalised to a baseline representing pre-restoration characteristics,
to measure real change associated with restorative practices. Positive
values therefore indicate that the metric of interest is greater at the
treatment site than at the bare control, while negative values indicate
the opposite.
2.2.1. Vegetation data
Vegetation data were collected across 21 sub-sites (including bare
peat controls and treatment sites) across all of the main sites during
the period 2003–2015. Data does not exist ubiquitously for all sites
across the time period speciﬁed as it was related to different projects,
as such the length of time post-restoration varied at different sites. Veg-
etation surveys were completed using both random and stratiﬁed
Fig. 1. Locations of main restoration projects and monitoring sites across the Peak District and southern Pennines.
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placement of 2 m × 2 m quadrats, either before, or at the commence-
ment of nurse crop seed application. As such, seeding was deemed as
‘time zero’. Approximately 10 quadrats were used per site although
this varied by site and year. The quadrats were analysed for three
favourable condition attributes, selected as they were found to be the
main cause for failure atMFFP sites (MFFP, pers comm) formeetingNat-
ural England favourable condition standards (JNCC, 2009); percentage
vegetation cover (measured as percentage bare peat), percentage
cover of indicator species and indicator species richness. Indicator spe-
cies for blanket bogswere derived from the JNCC (2009) Common Stan-
dards Monitoring Guidance. More information on procedure may be
found in Pilkington et al. (2016). Data were available from all sites
across the southern Pennines, but the ﬁnal analysis presented here is
based on Bleaklow and Kinder Scout as these were the only areas with
associated control data.
Although extensive control data were collected at these sites,
(Bleaklow: 2007–2014; Kinder Scout: 2010–2015), control data were
not available for every year of treatment measurement, as some data
collection began prior to 2007. Control sites were situated in areas of
bare peat. Throughout the treatment period bare peat cover remained
close to 100% (Interquartile range (IQR); Bleaklow: 97.12–99.13 and
Kinder Scout: 98.41–99.74), indicator species counts remained close to
zero (IQR; Bleaklow: 0.09–0.38 and Kinder Scout: 0.23–0.53), and indi-
cator species cover also remained near zero as a consequence (IQR;
Bleaklow: 0.09–1.10 and Kinder Scout: 0.11–0.21). For this reason, the
differences in the value of thesemetrics between treatment and control
for vegetated siteswere calculated usingmedian values across the years
of measurement at the two respective control sites. Since the control
data for indicator species metrics were close to zero, the difference rel-
ative to control values were in the vicinity of the rawmeasures of these
metrics.
2.2.2. Water table data
Depth to water table data were measured at 17 sub-sites across all
ﬁve areas, between 2010 and 2015, ranging in age post-restoration
from 0 to 12 years. Experimental plots comprised a 30 × 30m area, con-
taining clusters of 15 dipwells (Allott et al., 2009). Dipwells (1m length)
made of polypropylene pipe (30 mm internal diameter) were drilled at
100 mm intervals creating perforation holes, allowing water levels to
equilibrate. These dipwells were installed in boreholes of the same di-
ameter, leaving 100 mm of pipe protruding above the ground surface.
Manual measurements were taken from the clusters of dipwells weekly
or bi-weekly between September and December using 10 concurrent
measurements conducted manually, or with a purpose-constructed
electronic dip-meter. Measurements were made relative to the ground
surface. Detailed information on procedures can be found in Evans
and Shuttleworth (2016).
2.2.3. Runoff data
Stormﬂow data were collected at two sites on Kinder Scout; a treat-
ment site and a bare peat control. Runoff data were monitored from
2010 onwards. V-notch weirs and pressure inducers were installed, to
record depth of water ﬂowing over the v-notch weir at catchment out-
lets. This was converted to discharge, and standardised across sites by
dividing by catchment area. Pressure transducers recorded ﬂow depth
at 10 min intervals, and tipping bucket rain gauges continuously moni-
tored rainfall at the same interval. Storm hydrograph data were ex-
tracted using strict selection criteria (see Shuttleworth et al., 2019),
resulting in storm events being comparable between sites. Three key
metrics derived from this data were used to evaluate restoration trajec-
tories; (i) peak storm discharge, (ii) lag time, and (iii) runoff coefﬁcient.
These metrics have been used successfully in previous work to demon-
strate changes in runoff characteristics post-restoration (Shuttleworth
et al., 2019), however the analysis here is completed on an extra year
of data, strengthening the conclusions of the aforementioned study.
Peak storm discharge is the maximum discharge during a storm event.
Lag time is the interval between maximum rainfall intensity and peak
storm discharge. Runoff coefﬁcient is a measure of the proportion of
storm precipitation that contributes to storm discharge.
2.2.4. Fluvial organic carbon data
Assessment of trajectories of ﬂuvial organic carbon ﬂux involved the
collection of Dissolved Organic Carbon (DOC) and Particulate Organic
Carbon (POC) data. DOC was monitored at Kinder Scout. On a fort-
nightly or weekly basis, 500 mL of water ﬂowing over a v-notch weir
was collected in a pre-rinsed water bottle. Samples were ﬁltered at
0.45 μmand analysed for DOC using a Shimadzu TOC-V carbon analyzer.
Full details of DOC collection procedure are within Spencer and Evans
(2016).
POC datasets were collected from bare peat control and restored
sites at Kinder Scout and Bleaklow. Modiﬁed Time-Integrated Mass
Flux samplers (Shuttleworth et al., 2015) were installed in gullies. Five
sampling campaigns of approximately 10 weeks were undertaken be-
tween October 2010 and January 2012. At the end of each campaign,
sediment was extracted from the TIMS and stored at 4 °C prior to anal-
ysis. Samples were washed through an 8 mm sieve with deionised
water, and dried at 40 °C. POC was determined by the Loss-On-
Ignition method at 550 °C for 4 h. The OM content was converted to
OC content. The samemethodwas used at Kinder Scout,with the excep-
tion being that 10 traps were installed at each site during one campaign
over 4 weeks. Themeanmass of sediment trapped in the different traps
Table 1
Characteristics and restoration treatments of key study sites.
Site Speciﬁc project Area Maximum elevation (m) Treatment date
Kinder Scout DEFRA Making Space for Water 84 ha 636 2011–2013
Bleaklow MoorLIFE 26 km2 633 2003–2008 and 2011–2015
Rishworth Common MoorLIFE 1727 ha 480 2011–2015
Turley Holes MoorLIFE 665 ha 420 2011–2015
Black Hill MoorLIFE 2020 46 ha 580 2005–2006, 2008, 2012–2015
Table 2
Details on methods to assess key ecosystem functions.
Trajectory method Site application Notes Data collection period
Vegetation cover Black Hill, Bleaklow, Kinder Scout, Rishworth Moor, Turley Holes n= 21 sites (18 treatment, 3 control) 2003–2015
Water table Black Hill, Bleaklow, Kinder Scout, Rishworth Moor, Turley Holes n= 20 sites (17 treatment, 3 control) 2010–2015
Runoff response Kinder Scout n= 2 sites (1 treatment, 1 control) 2010–2015
Fluvial organic carbon ﬂux DOC-Bleaklow and Kinder Scout
POC-Bleaklow and Kinder Scout
n= 3 sites (2 treatment, 1 control)
n= 5 (3 treatment, 2 control)
DOC-2011–2016
POC-2010–2013
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was taken, with the difference between control and treatment
established as a percentage. At Kinder Scout the data were collected at
2 years post-restoration whereas the Bleaklow data were collected at
9 years post-restoration. Further details of data collection for POC ﬂux
can be found in Pilkington and Crouch (2015) for Kinder Scout and in
Shuttleworth et al. (2015) for Bleaklow.
2.3. Statistical analysis
Data were collated from various sites for each year post-restoration
where available. In many cases, the data were not normally distributed
and required statistical treatment in a non-parametric manner. As such,
for presentation of data and further statistical treatment, the median of
datasets were used with the interquartile range utilised to account for
inter-site variance. All data were normalised using baseline restoration
data, so that the ﬁrst year post-restoration was equivalent to time
zero. Statistical analysis was carried out using IBM SPSS statistics ver-
sion 22.
3. Results
3.1. Vegetation
Vegetation data were treated differently to the other ecosystem
function data, as a consequence of the breadth of data across all geo-
graphical sites. Only two sites had associated control data, limiting the
capacity for robust analysis. However the raw, untreated data may be
used to look at general trajectories, while the more robust approach
can be utilised to validate trends. As such, raw trajectories of change
in vegetation characteristics over 12 years for all sites are presented in
Fig. 2. The proportion of bare peat follows an asymptotic curve, decreas-
ing rapidly from close to 100% at year 0, and approaching 25% cover
after 2 years. The intersect between the trendline and the 95% CI of
the asymptote constant of the regression equation provides a conserva-
tive estimate of the threshold afterwhich there is little further change in
cover - approximately 8 years (to the nearest year). Total indicator spe-
cies count also follows an asymptotic curve, from no indicator species at
year 0, accelerating rapidly during the ﬁrst two years and subsequently
reaching a plateau after 12 years post-restoration, (95% CI of the asymp-
tote). Indicator species cover follows a dose response curve, starting at
~10% at year 0, increasing gradually during the ﬁrst 3 years of recovery,
before accelerating more rapidly, and reaching a new state approxi-
mately 9 years post-restoration, when considering the 95% CI of the
asymptote.
Vegetation data from individual sites that had a control (Bleaklow
and Kinder Scout) were compiled to produce a single median trajectory
of vegetation cover and species richness (Fig. 3). This utilised the same
analytical approach taken for the othermetrics that have been analysed,
enabling comparison. Bare peat cover follows an asymptotic curve with
a rapid acceleration over 2 years, beginning to plateau after 8 years (95%
CI of the asymptote). The trajectory of indicator species count is best
captured by an asymptotic curve, following a gradual increase from
year 0 and plateauing after 12 years post-restoration (95% CI of the as-
ymptote). Indicator species cover follows a similar dose response
curve with the (indicator species cover)treatment − (indicator species
cover)control data from all geographical areas, with a gradual increase
in the ﬁrst 2 years post-restoration, followed by a more rapid accelera-
tion, achieving a new steady state after 9 years (95% CI of the
asymptote).
Raw trajectory data presented here demonstrate that the trends
found when applying the robust (metric)treatment− (metric)control ap-
proach apply across a broader geographical area, strengthening the ev-
idence for the trajectories observed. Most of the trajectories of
vegetation characteristics are described by curvilinear or dose response
trends. The curvilinear trends describe a rapid response to the LSFM
measures, followed by a stabilisation generally over 9–12 years as
bare peat is colonised by grass species and different indicator species
compete, and some establish dominance. When taking into account
the 12 years of data collection, indicator species count plateaus after
12 years of restoration. However continued data collection could im-
prove this trajectory. Three key favourable condition attributes (JNCC,
2009), clearly demonstrate an immediate and rapid improvement be-
fore eventual stabilisation, following LSFM treatment, in comparison
to control sites.
Fig. 2.Vegetation trajectories from all sites over 12 year restoration period a)median bare
peat cover, b) median count of indicator species, c) median cover of indicator species.
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3.2. Water table
Fig. 4 presents depth to water table data, derived from manual
dipwell measurements, from seventeen locations, across the ﬁve study
sites. Linear trajectories for depth to water table are present regardless
of number of years post-restoration at different sites. Depth to water
table data for the full 12 years of restoration were not available for
any site. Instead linear trends were identiﬁed for different time win-
dows for different sites, and combined in Fig. 4. Linear extrapolation
was used to produce a median trajectory for all sites over the whole
time period. Early stage data from recently restored sites were extrapo-
lated to 12 years post-restoration, whereas late-stage data were extrap-
olated to the origin, assuming the whole period of restoration followed
the linear trajectory in the latter stages of restoration. Variability be-
tween sites is expressed by the interquartile range.
The proximity of the water table to the surface increased (Fig. 4),
amounting to an average of 8 mm yr−1 over the 12 years of surveying
across all sites (n= 17). The distribution of data about the median ﬁts
more closely to the lower quartile, demonstrating that the upper quar-
tile could potentially be a large overestimation of the depth to water
table, based on forecasted data, or, alternatively, that there is less
scope for negative residuals, as the water table is already at, or close
to, the surface.
3.3. Runoff response
Fig. 5 presents runoff data from micro catchments on the Kinder
Scout Plateau. Restoration had an immediate effect on two of the
three runoff metrics. Peak storm discharge decreased at the treatment
site relative to the control, while lag times increased. There was no ob-
vious change in % runoff. There were no subsequent directional trends
in the behaviour of any of the metrics following the pronounced step
change in year 1. To demonstrate this, Kruskal-Wallis 1-way ANOVA
were employed for each metric to look for differences/similarities be-
tween years. Groupings of statistically similar (p N 0.05) years are repre-
sented by lower case grey letters in Fig. 5.
Lag time shows the clearest evidence of a consistent step change in
behaviour following restoration. Pre-restoration data fall into Group a,
while all subsequent year's post-restoration falls into Group b, demon-
strating that lag times were signiﬁcantly different pre- and post-
restoration and that lag times were statistically similar in the four
years following restoration. The step change is slightly less clear for
peak discharge. Three out of the four years post-restoration fall into
Fig. 3. Normalised median vegetation trajectories (treatment-control) for Bleaklow and
Kinder Scout over 12 year post-restoration period. Errors deﬁned as the interquartile
range a) median bare peat cover, b) median count of indicator species, c) cover of
indicator species.
Fig. 4. Normalised median manual depth to water table trajectory at restoration sites
relative to control, across all sites with the interquartile range deﬁning error. Higher
values on the Y axis reﬂect reductions in depth to water table (i.e. higher water table) at
the treatment site or increases (i.e. lower water table) at the control site. Linear
extrapolation was used to produce a median trajectory for all sites.
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Group b, but one of the post-restoration years (year 3) is grouped with
the pre-restoration data (Group a). Interestingly, this anomalous post-
restoration year is consistent across all metrics, producing the smallest
relative difference in lag time, and signiﬁcantly different runoff coefﬁ-
cient %, and corresponds to an anomalously wet year in the UK record
(2014 was the fourth wettest year in the UK series from 1910 - Met
Ofﬁce, 2014). The simplest explanation of the observed data is a step
change in lag time and peak discharge in response to restoration, with
subsequent variability interpreted as inter-annual noise, resulting
from variation in the number and style of storms available for analysis.
Thus, the step change in storm runoff following restoration can be
characterised by an increase in lag time of 30 min and a decrease in
peak storm discharge of by 1.91 L s−1 ha−1, relative to control.
3.4. Fluvial carbon ﬂux
POCdata from the sites were relatively limited consisting of two sur-
veys, 2 (Kinder Scout) and 9 (Bleaklow) years post-restoration. No pre-
restoration data existed for POC concentrations, therefore the difference
between an eroding pre-restoration site and a bare peat control were
assumed to be zero, with median POC concentrations from 2 and
9 years post-restoration plotted relative to this (Fig. 6a). An indepen-
dent t-test demonstrated there was no signiﬁcant difference between
year 2 and year 9 (p= 0.767), and as such a step change after 2 years
restoration is inferred.
No statistically signiﬁcant trend is present for DOC concentrations
post-restoration (spearman rank correlation, p = 0.505). Similarities/
differences between years examined using a Kruskal-Wallis ANOVA
also demonstrated there was no signiﬁcant difference between years
(p= 0.374).
Trajectories for ﬂuvial organic carbon ﬂux after peatland restoration
demonstrate no signiﬁcant trend for DOC concentrations but are consis-
tentwith a step-change occurring in the ﬁrst two years post-restoration
for POC.
3.5. Raw data
Representing treatment data relative to control data is essential to
understanding real trends in the data and distinguishing these from en-
vironmental noise. However, in order to provide context, Appendix A
presents raw post-restoration data from study sites at Bleaklow or
Kinder Scout for each metric at the treatment and control sites. Caution
Fig. 5. Runoff characteristic trajectories over four years post-restoration at Kinder Scout a) peak storm discharge, b) lag time, c) runoff coefﬁcient %. Kruskal Wallis groupings represented
by grey letters at the bottom of each sub-ﬁgure a) similar to pre-restoration value; b) different to pre-restoration value.
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should be taken in comparing these treatment data to other sites, as
they are not relative to control data and absolute values will vary on a
site-speciﬁc basis.
4. Discussion
4.1. Patterns of ecosystem change from composite datasets
The data presented in this paper synthesises the best available
current data to develop understanding of ecosystem responses of
vegetation coverage and indicator species; water table level, runoff
patterns and water quality alteration, to the LSFM treatment in a se-
verely eroded peatland system. The reactions of the various metrics
to restoration vary in their behaviour, both with regards to the
timing of ﬁrst response and the rate of change of the subsequent tra-
jectory towards a new state. Bringing together data from diverse
datasets has allowed identiﬁcation of characteristic timescales of
change in response to restoration across a range of ecosystem
parameters.
Three parameters respond very rapidly to restoration; percentage
vegetation cover (Fig. 3), runoff (Fig. 5) and sediment yield (Fig. 6a)
showing large changes within two years of the application of the
LSFM restoration approach to bare peat sites. While near complete
vegetation cover is achieved relatively quickly (6 years; Fig. 3a),
transformation of vegetation cover as indicated by percentage
cover of indicator species and indicator species richness occurs
more slowly over timescales of up to 12 years (Fig. 3b and c). In
contrast, changes in water table (Fig. 4) are slight, but apparently
still ongoing 12 years after restoration and changes in DOC ﬂux
from the system are not signiﬁcant ﬁve years after restoration
(Fig. 6b).
The analysis of the trajectories of ecosystem recovery in this work
use a compilation of datasets acquired from a variety of funded projects,
carried out by a mixture of practitioners and academics. Ideally, data
would be derived from a single project with similar objectives and
study design, carried out consistently over a long-term timescale. In
real-world practical restoration projects, this is not pragmatic, or often
even attainable. Approaches to the collation and synthesis of data
which is of high quality, but variable in terms of spatial and temporal
coverage, are therefore required. Long term trends can be difﬁcult to
discern in such ‘noisy’ and varied datasets given the natural variability
of hydrological and biochemical functions of peatlands, driven by tem-
poral changes in local hydroclimatic conditions. We have accounted
for this by considering changes relative to untreated control sites. In-
deed, the availability of control data has been key to deriving such
clear trajectories of change and should be considered essential in the
monitoring and reporting of the impacts of ecological restoration. Con-
tinued monitoring over extended timescales than within this study
would provide greater conﬁdence in some of the less well constrained
trajectories.
Despite the variable number of sites and number of measurements
within and between metrics in this study, the vegetation and depth to
water table datasets provided consistent directional trends (Figs. 3
and 4). Vegetation cover and water table are commonly regarded as
the principal biophysical determinants of peatland function (Holden
et al., 2011), so the clear patterns established for a broad geographical
coverage of sites for these parameters give conﬁdence in the wider rep-
resentativeness of these results. For other parameters (e.g. runoff and
DOC ﬂux; Figs. 5 and 6b), conﬁdence in the trends established from
more local data is derived from understanding potential linkages be-
tween these patterns and the key biophysical drivers. The trajectory
data resulting from these analyses also offers the potential to highlight
the nature of these linkages and this is explored in more detail in
Section 4.2.
While there are challenges in the synthesis of diverse datasets, prac-
tical restoration work offers the opportunity to undertake controlled
manipulations of the landscape at a larger scale than is typically possible
in pure scientiﬁc work (Dickens and Suding, 2013). Well-designed res-
toration research, such as that compiled in this paper, offers the poten-
tial not only to inform restoration targets, but also to develop scientiﬁc
understanding of ecosystem processes and their response to restoration
actions.
4.2. Inferring process from trajectories of change
Fundamentally the LSFM approach aims to establish vegetation
cover (nurse crop) on bare peat, and to create conditions for natural suc-
cession, to drive a transition to amore naturalmoorland vegetation type
(Anderson et al., 2009). What is clear from the data presented in this
paper, is that re-vegetation of bare peat is a relatively rapid and non-
linear process. Close to 100% vegetation cover (expressed as a reduction
in bare peat surface) is established within 6 years of initial treatment,
with most rapid expansion of cover in the ﬁrst two years (Fig. 3a). Suc-
cession to a more natural moorland vegetation, with signiﬁcant pres-
ence of key indicator species, follows a dose-response trajectory with
a non-linear increase in species richness with an asymptote around
12 years. By this time (c. 9 years), the percentage cover of indicator spe-
cies has approached 100% or above, as a result of overlapping canopies.
Fig. 6. Fluvial organic carbon ﬂux trajectories normalised relative to control: a) POC % at
Kinder Scout (2 years post-restoration) and Bleaklow (9 years post-restoration);
b) normalised median DOC concentrations at Kinder Scout.
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The dose response trend is a common measure of vegetation estab-
lishment, consisting of a gradually accelerating vegetation coverage re-
sponse to improving conditions, followed by a stabilisation as
competition is introduced (Clewell and Aronson, 2013). The mismatch
between non-linear increases in recruitment of new species, and a lin-
ear increase in indicator cover, suggests that the nurse crop cover is ef-
fectively creating conditions for establishment (rapid recruitment of
species), but that it is also potentially competitively slowing the rate
of spread of the incoming species. After 9 years vegetation cover has
transitioned from bare peat to an apparently stable community of
moorland indicator species (Fig. 3b and c). The LSFM restoration
model is built around the concept that establishment of a ‘nurse crop’ al-
lows recruitment of native species, which will eventually out-compete
the nurse crop in nutrient poor peatland conditions (Buckler et al.,
2008). The data presented here provide some empirical support for
this method.
Apparent from the sequencing of trajectories is that rapid changes in
POC ﬂux, and the attenuation of storm ﬂow (represented here by an in-
crease in lag time and reduction in peak storm discharge) occur as a
step-change early in the phase of vegetation establishment, rather
than as a response to the formation of stable moorland communities.
POC ﬂux falls by an order of magnitude within the ﬁrst two years of
re-vegetation (Fig. 6). Similarly, there is also an increase in the lag
time and decrease in peak storm discharge recorded in ﬂood
hydrographs at the hillslope scale (Fig. 5).
These processes are almost certainly linked to an increase in sur-
face roughness from early colonisation of non-moorland species,
which has the effects of both slowing the ﬂow of surface generated
runoff, and creating conditions where absolute ﬂow velocity is re-
duced, and suspended POC is deposited. The role of surface rough-
ness in mediating ﬂow velocity and sediment transport has been
observed in soil erosion and hillslope runoff studies (e.g. Gomi
et al., 2008; Smets et al., 2008; Gumiere et al., 2011; Pan et al.,
2016), and these effects have also been observed in natural and ex-
perimental peatland systems (Holden et al., 2008; Grayson et al.,
2010). Further erosion is also alleviated by the protection provided
by vegetation cover and the binding of the soil by roots
(Shuttleworth et al., 2017).
Blanket peatlands are known to be naturally hydrologically ‘ﬂashy’
systems (Evans et al., 1999; Holden and Burt, 2003), but it is clear that
restoration has reduced peak ﬂow and increased lag times, overall at-
tenuating storm hydrographs. The relationship between re-vegetation
and runoff at these sites is explored in more detail in Shuttleworth
et al. (2019).
Water table trajectories display a clear linear change. We might
expect a progressive decline in the rate of change over time in
water table recovery, mirroring the trend seen in the vegetation
data. However, the data derived from well-established restoration
sites do not support this. Water table data measured in years 8 to
12 still demonstrates rising water tables, of a comparable magnitude
to sites at early stages of post-restoration recovery. There is consid-
erable variability in hydrological recovery between sites (exempli-
ﬁed by the diverging conﬁdence intervals in Fig. 4), but the overall
trend across diverse locations with multiple control sites, is that
post-restoration there is a small but ongoing positive change in
water table relative to control sites.
Water tables close to the surface are consistent with intact
peatlands, and therefore recovering ecosystems in peatlands are typi-
cally associated with recovering water tables (Price et al., 2016). How-
ever, the changes in water table observed in the Peak District are out
of phase with changes in vegetation cover, with water table continuing
to rise after both vegetation cover and indicator species cover stabilise. If
water table changes were driven by changes in energy balance or
evapotranspiration associated with changing vegetation cover, we
might expect a progressive decline in the rate of change over time as
the nurse crop establishes, followed by the native species colonisation.
This is not indicated by our data, as small but continuous increases are
observed over 12 years (Fig. 4).
These water table results are somewhat counter-intuitive. The
slower rate of change than other parameters suggests that the impact
of re-vegetation on water table is mediated through sub surface rather
than surface effects. At the surface, the change from a smooth brown
peat to a rough green sward is rapid, but the impact of re-vegetation
on soil structure and hydrological function will develop more slowly
as fresh organic matter accumulates, root systems develop and peat
re-wets. It is therefore hypothesised that the water table changes ob-
served here are related to changes in soil hydrological function, evolving
over time. Full hydrological recovery may not be possible, as hydraulic
damage has been shown to not necessarily be entirely reversible
when rewetting (Ketcheson and Price, 2011). Monitoring at the time-
scales constrained by this project is clearly insufﬁcient to assess the
drivers behind the water table recovery, and more focussed process
based work is required.
There is no statistically signiﬁcant pattern of change in DOC concen-
trations over ﬁve years. This is surprising as the addition of signiﬁcant
labile carbon to the system through re-vegetation might be expected
to increase DOC directly, or through the priming effect (Kuzyakov
et al., 2000). Previouswork has also shown that re-wetting of previously
drained peat can produce spikes in DOC concentration (Worrall et al.,
2007). In contrast, the slowly rising water tables discussed previously
might be expected to reduce DOC concentrations, by minimising the
proportion of the peat mass subject to aerobic decomposition, a stan-
dard concept of the diplotelmic model (Ingram, 1978). It should be
noted that despite there being no statistically signiﬁcant change, DOC
at the sites studied was slightly elevated relative to control ﬁve years
after restoration. Relatively slow response of DOC concentrations to
re-vegetation might be expected in the same manner as hypothesised
for the water table; i.e. changes in DOC production are likely to be a
function of slow change in sub-surface conditions, rather than rapid
change observed at the peatland surface.
Comparison of the empirically derived trajectories in this study of-
fers a uniqueway of developing process insight from the data. Fig. 7 pre-
sents a conceptual diagram of the response of ecosystem processes to
the LSFM restoration approach considered in this study. The focus in
this conceptualisation is on the form and the phasing of the ecosystem
responses to distinguish transitory from equilibrium effects. The ex-
tremes of this model represent a ‘restored’ ecosystem, while the origin
represents a ‘degraded’ ecosystem (i.e. where no signiﬁcant improve-
ments of peatland function have been observed).
The patterns of ecosystem change identiﬁed in this conceptual
model suggest three key timescales deﬁne the response of the peatland
system to LSFM restoration: 1) at timescales of circa 2 years rapid
change in surface conditions through establishment of nurse crop
cover; 2) at timescales of circa a decade re-establishment of indicator
species richness to levels close to intact peatland sites; and 3) at time-
scales in excess of a decade ongoing recovery of subsurface hydrological
function causes water tables to continue to rise at these timescales.
4.3. Restoration targets
Setting appropriate, clear, and achievable restoration targets is a key
component of any practical restoration programme (Hobbs and Harris,
2001). The dynamic nature of ecosystems means that there is not a
‘one size ﬁts all method’ in ecological restoration. It is important to be
realistic when designing restoration programmes to select desirable
outcomes achievable in the future, and these may not be entirely
based on past environmental status (Thorpe and Stanley, 2011),
which may be unattainable (Harris et al., 2006). In some circumstances
deﬁning the desired state of restoration in relation to intact systems is
impossible, particularly where the desired state is pre-human interven-
tion (Hobbs, 2007). In the instance of the degraded peatlands analysed
in this study, the failure to achieve signiﬁcant change in DOC
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concentrations over the study period is perhaps unsurprising given the
extensive modiﬁcation of topography and drainage that extensive gully
erosion of peatlands produces (Evans and Warburton, 2007). Deﬁning
achievable trajectories of ecosystem services based on monitoring of
pathﬁnder restoration schemes (such as thework in the south Pennines
reported here) represents an alternative approach to determining real-
istic restoration goals for such systems.
The LSFM restoration approach for eroded peatlands cannot re-
store pre-erosion function because of the irreversible (at century
timescales) modiﬁcation of topography but it does deliver signiﬁcant
enhancements to the delivery of key ecosystem services. The devel-
opment of the ‘alternative stable states’ concept in restoration ecol-
ogy has allowed the notion of multiple end points for restoration
projects (Beisner et al., 2003). LSFM restoration is delivering large
scale rehabilitation (Hobbs and Cramer, 2008) of peatland land-
scapes. Fig. 7 illustrates that at timescales of around a decade these
systems achieve a new steady state for most ecosystem functions.
Only the depth to water table metric shows longer term change.
The data presented suggest that initial indications of restoration suc-
cess in terms of establishing vegetation cover are apparent at time-
scales of 2 years but that longer term monitoring will be required
to demonstrate new steady states. For water table it seems likely
that long term change in the peatland hydrological cycle means
that for this parameter, on present evidence, the restoration may
be regarded as an open-ended process (Hughes et al., 2011).
Evaluation of restoration outcomes is a necessary output required
by funding bodies and interested stakeholders (Aradottir and Hagen,
2013). Funding timeframes are typically 3–5 years in length. Often
this timeframe is too short to implement, monitor and report on
the results of large-scale restoration projects. Through the analysis
of geographically extensive long-term data we have shown how
some benchmarks of successful ecological restoration may be met
in short-term timeframes deﬁned by funding bodies. Peatland resto-
ration aims typically include enhancement of a range of peatland
ecosystem services such as provision of clean water, carbon storage,
runoff regulation and biodiversity with key indicator species (Bonn
et al., 2016). The data presented here indicate that demonstration
of all these outcomes at project timescales is not possible, but we
have identiﬁed key benchmarks, that may lead to progressive im-
provements, even after funding timescales have passed (Hughes
et al., 2011).
In blanket peatland systems, the benchmarks that are attainable
within the timeframe and scope of short-term restoration
programmes are initial revegetation of eroding surfaces, runoff at-
tenuation, and reduction in POC ﬂux. Major changes are observable
in these parameters within two years post-restoration (Fig. 7). Un-
derstanding of process controls of these changes, through the phas-
ing of the trajectories, points to the establishment of vegetation
cover, and consequent changes in surface roughness as a key control.
Therefore, within short project timescales, the primary focus of mon-
itoring for peatland restoration using the LSFM approach should be
measurement of vegetation establishment. This is in contrast to the
general understanding that the essential characteristics of function-
ing peatland systems, are deﬁned by a high and functioning water
table (Holden et al., 2011), and the presence of keystone peatland
species (Evans and Warburton, 2007).
Over short timescales the trajectories established in this study indi-
cate that measurement of water table and biodiversity, while desirable
to produce baseline data, could lead to false negatives in terms of
conﬁrming restoration success. Timescales for signiﬁcant responses of
these variables are in the order of as little as 2 years for initial change
and approximately 9 years for the levelling off of trajectories such as
biodiversity goals. Arguably the key to the provision of a number of
the ecosystem services in this environment is vegetation cover, but
not necessarily native vegetation cover. It is sufﬁcient in these environ-
ments to begin the process of re-vegetation with non-native species,
and the trajectories presented here indicate that the systemwill evolve
towards a more characteristic peatland system over time.
5. Conclusion
Peatlands have been the priority of a number of high-proﬁle restora-
tion projects in the UK, due to the nature and severity of degradation of
the landscape, and the wealth of ecosystem services that these systems
provide. This paper, for the ﬁrst time, uses comprehensive data from
such projects to report on the impact of the widely adopted LSFM
Fig. 7. Conceptual model of trajectory of change of key metrics representing ecosystem services in response to restoration. The extremes of the y axis represent a restored ecosystem
whereas the origin characterises a degraded ecosystem. DOC and Runoff % coefﬁcient lie at the origin as there are not signiﬁcant trends established from the data. Runoff trajectories
(from four years onwards), water quality trajectories (from ﬁve years onwards) and depth to water table (from ﬁve years onwards) are displayed as dotted lines to represent
forecasted trajectories.
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approach of restoring bare peat surfaces. Despite the diversity of data
sources, consistent comparison to control data has allowed this study
to rigorously assess ecosystem trajectories in response to LSFM treat-
ment. Practitioners and scientists have a wealth of data that can be
utilised to deﬁne restoration targets. This study has shown that combin-
ing large and consistent datasets ampliﬁes the signal in noisy data, to
identify dominant trends in the delivery of key ecosystem services.
These trends demonstrate that the establishment of vegetation
cover and the consequential development of surface roughness are
key drivers in rapidly reducing particulate carbon loss and attenuating
stormﬂow. Over time, biodiversity is improved by the return of native
species, and hydrological function gradually recovers. While the forma-
tion of new equilibrium conditions exceed a decade, observation of
established vegetation cover over timescales of up to two years is sufﬁ-
cient for reporting on project success, for typical funding timeframes.
The trajectories developed in this study are important both to help
guide practitioners of ecological restoration, and to set future research
agendas for peatland scientists. Phasing of ecosystem service responses
indicates that there are different characteristic timescales for the recov-
ery of peatland functions driven by surface and subsurface processes.
The results presented in this paper support the wider scale adoption
of the LSFM approach on eroding blanket bog peatlands globally.
These data support the key role for surface re-vegetation as an impor-
tant control on peatland ecosystems services and identify an important
research agenda to understandprocesses and rates of change in the sub-
surface soil system in response to peatland restoration.
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Appendix A
Summary statistics for raw metrics at control and treatment sites for the last available year of post-restoration data (i.e. the end point of the
trajectories presented in the paper). Please note, the trajectories were derived from multiple sites which represent varying stages of restora-
tion, but these ‘end member’ data were available only for single sites. These data are provided to allow comparison between re-vegetated and
bare sites, but caution must be exercised when interpreting the differences as pre-restoration data are not available for many of these late-
stage restoration sites.
Metric Years since
restoration
Site Control Treatment
Post-restoration
value
Lower
Quartile
Upper
Quartile
Post-restoration
value
Lower
Quartile
Upper
Quartile
Bare peat cover (%)a 11 Bleaklow 98.5 97.6 99.4 0 0 2
Indicator species counta 11 Bleaklow 0.00 0.00 0.75 4 4 5
Indicator species cover (%)a 11 Bleaklow 0.00 0.00 0.38 109 47.5 168
Depth to water table: early-stage
(mm)b
5 Kinder
Scout
267 251 346 200 184 245
Depth to water table: late-stage
(mm)b
12 Bleaklow 416 376 463 289 268 306
Peak storm discharge (L s−1 ha−1)c 4 Kinder
Scout
3.71 2.17 5.52 1.51 1.01 3.26
Lag time (minutes)c 4 Kinder
Scout
35 15 138 55 35 165
Runoff (%)c 4 Kinder
Scout
29.4 21.2 37.0 35.2 24.3 39.1
DOC (mg/L)d 5 Kinder
Scout
24 23 25 27 26 29
POC (g per week)e 9 Bleaklow 0.37 0.25 0.57 0.05 0.03 0.07
a Derived from quadrats during yearly campaigns. Treatment (n= 41); control (n
= 10).
b Derived from autumnmanual dipwell campaigns. Early-stage treatment (n= 7) and
control (n= 7); late-stage treatment (n= 12) and control (n= 12).
c Derived from paired storms from data collected throughout a complete year. Treat-
ment (n= 30); control (n= 30).
d Derived from monthly sampling campaign. Treatment (n= 5); control (n= 5).
e Derived frommultiple sediment traps over 5 sampling campaigns (n= 5).
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